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BACTERIAL REACTION CENTERS WITH PLANT-TYPE PHEOPHYTINS 
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SUMMARY 
The e x c h a n g e a b i l i t y of the ba c t e r i o p h e o p h y t i n s at s i t e s H and H n w i t h 
*) A b 
raodified ( b a c t e r i o ) p h e o p h y t i n s (=(B)Phe) was t e s t e d i n r e a c t i o n centers 
(RC) of R h o d o b a c t e r s p h e r o i d e s R26. An exchange at both s i t e s i s p o s s i b l e 
2 
w i t h Pyro-BPhe a l a c k i n g the 13 -COUCH- group, and w i t h three p l a n t - t y p e 
2 
pheophytins: Phe a (which c o n t a i n s a 3 - v i n y l - g r o u p ) , 13 -hydroxy-Phe a 
(which c o n t a i n s i n a d d i t i o n a hydroxy group), and [3-acetyl]-Phe a (which 
d i f f e r s from BPhe a o n l y by the unsaturated r i n g I I ) . I n a l l cases, the 
exchange appears t o be e a s i e r at the H - s i t e . An exchange only at t h i s 
B 
s i t e , was obtained w i t h BPhe a i n which the e s t e r i f y i n g p h y t o l i s r e p l a -
SS 2 
ced by g e r a n y l - g e r a n i o l , and w i t h 13 -hydroxy-Phe a. Environment-induced 
r e d - s h i f t s (EIRS) are observed w i t h a l l pigments, and they are i n the 
ränge of the ones known f o r the n a t i v e BPhe a. Strong o p t i c a l a c t i v i t y i s 
induced i n most pigments. S h i f t s i n the abs o r p t i o n s of the monomeric BChls 
at s i t e s ^ i n d i c a t e an i n t e r a c t i o n w i t h the BPhes s i t e s ^, or an 
i n d i r e c t s t r u c t u r a l e f f e c t . 
INTRODUCTION 
In r e a c t i o n c e n t e r s (RC) of R h o d o b a c t e r s p h e r o i d e s (Rb.), the t e t r a -
p y r r o l e pigments a t the s i t e s B ("monomeric" b a c t e r i o c h l o r o p h y l l s , 
*) A b b r e v i a t i o n s : C h i = C h l o r o p h y l l , Phe = pheophytin, BChl = b a c t e r i o -
c h l o r o p h y l l , BPhe = b a c t e r i o p h e o p h y t i n ; the s u b s c r i p t s r e f e r to the 
e s t e r i f y i n g a l c o h o l s ("p" or none f o r p h y t o l , "gg" f o r geranylgera-
n i o l ) , RC = r e a c t i o n c e n t e r s , R b . = R h o d o b a c t e r , cd = c i r c u l a r 
d i c h r o i s m , P = primary donor s i t e , B = s i t e of monomeric BChl, H = s i t e 
of BPhe i n RC. The s u b s c r i p t s "A" and "B" r e f e r t o the a c t i v e ("L") and 
i n a c t i v e branch ("M"), r e s p e c t i v e l y , of the e l e c t r o n t r a n s p o r t c h a i n . 
T h e Photosynthetic B a c t e r i a l Reaction Center II 
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B C h l - B A ß ) and ( b a c t e r i o p h e o p h y t i n s , BPhe-H^ ß ) are exchangeable 
a g a i n s t c h e m i c a l l y m o d i f i e d pigments. B C h l - B A ß c o u l d be exchanged w i t h a 
v a r i e t y of m o d i f i e d BChls, but n e i t h e r w i t h p l a n t - t y p e Chlorophylls ( C h i ) , 
nor w i t h b a c t e r i o p h e o p h y t i n s (BPhe) or p l a n t - t y p e pheophytins (Phe) 
(Str u c k et a l . , 1990). The e x c h a n g e a b i l i t y of the b a c t e r i o p h e o p h y t i n s at 
s i t e s H A ß has been s t u d i e d l e s s . S t r u c k (1990) has shown, t h a t they are 
exchangeable a g a i n s t some mo d i f i e d BPhes, but not a g a i n s t any Mg-contai-
ning ( B ) C h l s . The s e l e c t i v i t y of the s i t e s a c c o r d i n g to the presence or 
absence of the c e n t r a l Mg-atom, r s p . , c o r r o b o r a t e s r e s u l t s from s i t e -
d i r e c t e d mutagenesis (Coleman and Youvan, 1990; Woodbury et a l . , 1990; 
Schenck et a l . , 1990). However, l i t t l e i s p r e s e n t l y known on the i n f l u e n c e 
of the r e d u c t i o n l e v e l ( c h l o r i n v s . b a c t e r i o c h l o r i n ) or the p e r i p h e r a l 
s u b s t i t u e n t s of (B)Phes on the e x c h a n g e a b i l i t y . We wish to r e p o r t exchange 
2 4 
experiments w i t h BPhes mod i f i e d a t C-13 and C-17 , and i n p a r t i c u l a r w i t h 
p l a n t - t y p e Phes c o n t a i n i n g an un s a t u r a t e d r i n g I I . 
Pigment R l R 2 R 3 
Phe a CHCH 2 COOCH3 H 
Phe a' CHCH 2 H COOCH3 
[ 3 - A c e t y l ] - P h e a COCH 3 COOCH3 H 
13 2-OH-Phe a* CHCH 2 COOCH3 OH 
Plant-type Pheophytins 




Pigment R 2 R 3 
BPhe a p 
BPhe 




C 2 0 H 3 9 
C 2 0 H 3 9 
BPhe a g g COOCH3 H C 2 0 H 3 3 
Pyro-BPhe a H H C 2 0 H 3 9 
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MATERIALS AND METHODS 
RC of R b . s p h e r o i d e s R26 were prepared from chromatophores by repeated 
s o l u b i l i z a t i o n w i t h i n c r e a s i n g c o n c e n t r a t i o n s of LDAO and NaCl ( m o d i f i e d 
a f t e r Feher and Okamura, 1978) and p u r i f i e d on DEAE-cellulose ( S t r u c k , 
1990). 
BPhe a , BPhe a and Phe a were e x t r a c t e d from R b . s p h e r o i d e s 2.4.1, P gg 
R h o d o s p i r i l l u m r u b r u m G9 and S p i r u l i n a g l e i t l e r i (SOSA Texcoco), r s p . , by 
Standard procedures and p u r i f i e d on DEAE-cellulose (Satoh and Murata, 
1978). Demethoxycarbonylation of BPhe a^ to Pyro-BPhe a^ was done 
a c c o r d i n g t o Pennington et a l . (1963). [3-acetyl]-Phe a was made from Phe 
2 
a (Smith and C a l v i n , 1966). 13 -hydroxy-Chl a was obtained as a by-product 
d u r i n g the i s o l a t i o n of Chi a and pheophytinized a c c o r d i n g t o 
Rosenbach-Belkin (1988). S t r u c t u r e s of the pigments were v e r i f i e d by 
VIS-NIR a b s o r p t i o n , ''"H-NMR and mass spectroscopy. 
The c o n d i t i o n s f o r the exchange experiments of BPhe a a g a i n s t the m o d i f i e d 
pigments as d e s c r i b e d by Struck (1990), were optimized. The i n c u b a t i o n 
temperature of the RC was i n c r e a s e d to 43.5°C. The mo d i f i e d pigments were 
added i n a 1 0 - f o l d excess, the s o l v e n t f o r the pigments was 100% acetone, 
i t s f i n a l c o n c e n t r a t i o n 10%. A f t e r i n c u b a t i o n , the excess of f r e e pigments 
was reraoved by repeated chromatography on DEAE-cellulose. 
E x t r a c t i o n of the pigments from RC was done w i t h CHCl^/Cr^OH =5:1 ( v / v ) . 
The e x t r a c t was d r i e d under a stream of argon, d i s s o l v e d i n toluene, and 
then s u b j e c t e d without d e l a y t o HPLC-analysis a c c o r d i n g t o Watanabe et al. 
(1984). 
RESULTS 
Three p l a n t - t y p e pheophytins were t e s t e d : i ) [3- a c e t y l ] - P h e a, which d i f -
f e r s from BPhe a o n l y by the u n s a t u r a t i o n of r i n g I I . i i ) Phe a, which has 
2 
i n a d d i t i o n the 3 - a c e t y l - r e p l a c e d by a v i n y l - g r o u p . i i i ) 13 -hydroxy-




The a b s o r p t i o n s p e c t r a of Phe a and 13 -hydroxy-Phe a are e s s e n t i a l l y 
i d e n t i c a l ( F i g . 1 ) . In comparison to BPhe a, there are two c h a r a c t e r i s t i c 
b l u e - s h i f t e d Q -bands f o r the two p l a n t - t y p e pheophytins, and the Q -bands 
are b l u e - s h i f t e d by 70-80 nm, too. U n l i k e Phe a, [3- a c e t y l ] - P h e a shows a 
s p l i t Soret-band as do the b a c t e r i o p h e o p h y t i n s . P r o v i d i n g the same a s s i g n -
ments, they are r e d - s h i f t e d by 24 nm (B )and 28 nm (B ). The main peak of 
X Y 
the Soret-band of Phe a i s r e d - s h i f t e d by =52 nm compared to B y of BPhe a. 
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800 400 600 
Wavelength [nm] 
Fig. 1. Absorption spectra of pigments i n ether S o l u t i o n : Bacteriopheo-
p h y t i n a (BPhe a, bottom), pheophytin a (Phe a, c e n t e r ) and 
[3 - a c e t y l ] - p h e o p h y t i n a ([3-acetyl]-Phe a, t o p ) . 
Table 1. Exchange r a t e s of some p l a n t - t y p e pheophytins and b a c t e r i a l - t y p e 
pheophytins 
Pigment exchange-ratee (%) 
BPhe a g g 
Pyro-BPhe a 
38 








400 600 800 
Wavelength lnm| 
Fig. 2 . Absorption spectra of reaction centers with modified pheophytins: 
i n t r i s - H C l b u f f e r (20 mM, pH 8) c o n t a i n i n g LDA0 ( 0 . 1 % ) . N a t i v e RC 
from R h o d o b a c t e r s p h e r o i d e s R26 (bottom), RC a f t e r double exchange 
of BPhe a against Phe a ( c e n t e r ) , and RC a f t e r Single exchange of 
BPhe a against [3-acetyl]-Phe a ( t o p ) . S p e c t r a were normalized to 
the same a b s o r p t i o n a t the dimer band («865 nm). 
400 600 800 
Wavelength [nm] 
F i g . 3. Circular dichroism spectra of reaction centers with modified pheo-
phytins, i n t r i s - H C l b u f f e r (20 mM, pH 8) c o n t a i n i n g LDA0 (0.1%). 
N a t i v e RC from R h o d o b a c t e r s p h e r o i d e s R26 (bottom), RC a f t e r 
exchange of BPhe a against Phe a ( c e n t e r ) , and RC a f t e r Single 
exchange of BPhe a against [3-acetyl]-Phe a ( t o p ) . Spectra were 
n o r m a l i z e d t o the same absorption a t the dimer band (»865 nm). 
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The a b s o r p t i o n s p e c t r a of the three b a c t e r i o p h e o p h y t i n s t e s t e d (BPhe a , 
BPhe a and Pyro-BPhe a ) are n e a r l y i d e n t i c a l and not shown. 
gg P 
The exchange-rates of these (B)Phes are summarized i n Table 1. Phe a and 
[3-acetyl]-Phe a exchange r e a d i l y to >50%, e.g. they exchange both i n H.-
A and H - s i t e s of the RC. The HPLC-chromatogram of RC a f t e r repeated (dou-B 
b l e ) exchange of BPhe a a g a i n s t Phe a ( F i g . 4 ) , shows o n l y t r a c e s of the 
former (> 90% exchange). Because of the dehydrogenation of r i n g I I , Phe a 
has a s h o r t e r r e t e n t i o n time than BPhe a. 
The a b s o r p t i o n s p e c t r a of the RC m o d i f i e d w i t h p l a n t - t y p e pheophytins 
(exchange r a t e s >90%) show d i s t i n c t changes as compared t o the n a t i v e 
ones. These changes f o l l o w the d i f f e r e n c e s i n the S o l u t i o n s p e c t r a of the 
r e s p e c t i v e pigments ( F i g . 2). The Q x ( 0 - l ) - b a n d shows a b l u e - s h i f t of about 
22 nm (Phe a) or 14 nm ([3-acetyl]-Phe a) and the Q v(0-0)-band a r e d - s h i f t 
of about 7 nm (Phe a) or 17 nm ([3-acetyl]-Phe a), as compared to the cen-
t e r of the BPhe a-band Q (0-0) i n n a t i v e RC. The Q v-band of BPhe a (A « 
x i max 
758 nm i n n a t i v e RC) i s r e p l a c e d by a s t r o n g l y b l u e - s h i f t e d one. Comparing 
RC c o n t a i n i n g Phe a and [3-acetyl]-Phe a, the r e l a t i v e band p o s i t i o n s of 
the Solution s p e c t r a are preserved. The Q^-band of the l a t t e r i s i n parti-
c u l a r red-shifted compared to the former. 
In the cd - s p e c t r a , the bands assigned t o BPhe a are d i m i n i s h e d . RC c o n t a i -
n i n g Phe a show i n s t e a d a d i s t i n c t , s-shaped f e a t u r e at the p o s i t i o n of 
500 T ime[s ] 1000 
Fig. 4 . HPLC chromatogram of RC after repeated exchange of BPhe a against 
Phe a: (chromatography system of Watanabe et al, (1984), d e t e c t i o n 
w i t h HP diode a r r a y ) . The d e t e c t i o n wavelengths are g i v e n on the 
rig h t - h a n d s i d e of the i n d i v i d u a l t r a c e s . Peak assignments: 
A: Phe a, B: BPhe a, C: BChl a, D: 13 2-hydroxy-BChl a 
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Table 2 . A b s o r p t i o n maxima [nm] of ( b a c t e r i o ) p h e o p h y t i n s i n ether S o l u t i o n , 
of the same pigments i n the H - s i t e s of RC, and t h | r e s u l t i n g 
environment-induced r e d - s h i f t s (EIRS) (nm and cm" ). 
Pigment Ether [nm] Pr o t e i n [nm] r e d - s h i f t [nm, (cm-1) 
Qx Qy Qx Qy Qx Qy 
BPhe a P 524 750 537 758 13 (462) 8 (141) 
BPhe a g g 524 749 539 758 15 (531) 9 (159) 
Pyro-BPhe a 527 749 538 757 11 (388) 8 (141) 
Phe a 504/533 667 509/542 674 5/9 (195/312) 7 (156) 
[3-Acetyl]-Phe a 510/541 680 516/544 689 6/3 (228/102) 9 (192) 
132-OH-Phe a 502/531 667 506/539 673 4/8 (157/280) 6 (134) 
the Q^-band of the newly i n t r o d u c e d pigment, but the l a t t e r i s not obvious 
i n the spectrum of RC c o n t a i n i n g [3-acetyl]-Phe a. I t i s noteworthy, t h a t 
there i s a l s o an e f f e c t of the cd assigned t o the monomeric BChl, e.g. a 
decrease of the e x c i t o n band of the monomeric BChls i n the Q x ~ r e g i o n and 
at about 380 nm ( F i g . 3). 
DISCUSSION 
A l l (B)Phes i n v e s t i g a t e d , exchanged s e l e c t i v e l y i n t o the H-binding s i t e ( s ) 
of BPhe a. The presence or absence of the c e n t r a l Mg-atom ag a i n ( S t r u c k e t 
al., 1990) then seems to determine whether the pigment i s accepted i n ß 
or B , r s p . T h i s complements s i t e d i r e c t e d mutagenesis of amino a c i d s : 
BPhe r e p l a c e s BChl i f a s u i t a b l e l i g a n d ( h i s , g l u , s e r , t h r ) i s i n t r o d -
uced, and v i c e v e r s a (Schenck et a l . , 1990; Woodbury et a l . , 1990; Coleman 
and Youvan, 1990). 
Compared to the s t r u c t u r a l v a r i a t i o n s a l l o w e d f o r exchange of BChls i n t o 
the B b i n d i n g s i t e s , the r e s u l t s i n d i c a t e t h a t the H s i t e s a l l o w f o r A, B A, d 
c o n s i d e r a b l y more e x t e n s i v e s t r u c t u r a l changes. I t i s p a r t i c u l a r l y note-
worthy, t h a t t h e r e i s a ready exchange p o s s i b l e w i t h the p l a n t - t y p e Phes 
i n the H A ß b i n d i n g s i t e s , because the p l a n t - t y p e Chls (= Mg-complexes) 
were not accepted i n previous experiments i n the BChl-binding s i t e s 
( S t r u c k , 1990). The e f f i c i e n c y of the exchange w i t h Phe a i s g r e a t e r than 
2 
w i t h 13 -hydroxy-Phe a and [3-acetyl]-Phe a (Table 1 ) . Remarkable i s a l s o 
the preference of Phe a (= 3 - v i n y l ) over a l l other pigments c o n t a i n i n g the 
3-acetyl-group, which i s c h a r a c t e r i s t i c f o r the n a t i v e BPhe a. Although 
e x c h a n g e a b i l i t y i s s t r i c t l y an o p e r a t i o n a l c r i t e r i o n , these r e s u l t s i n d i -
cate a g r e a t e r s t r u c t u r a l p l a s t i c i t y a t the H- than at the B - s i t e s . 
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Most of the pigments i n v e s t i g a t e d , showed exchanges amounting to >50%, 
which by repeated i n c u b a t i o n l e d to replacements <95%. Th i s c l e a r l y shows 
t h a t both b i n d i n g s i t e s are a c c e s s i b l e to these pigments. The asymmetry 
i n t r o d u c e d by glu-100, has then g e n e r a l l y not a s t r o n g l y s e l e c t i n g i n f l u -
ence. BPhe a i s an ex c e p t i o n . This pigment has a more u n s a t u r a t e d e s t -
oo 
e r i f y i n g a l c o h o l ( f o u r double bonds i n s t e a d of one), which changes the 
f l e x i b i l i t y , p o l a r i t y and s p a t i a l s t r u c t u r e of t h i s p a r t of the molecule. 
I t s h o u l d be noted, t h a t the d i f f e r e n t arrangement of the e s t e r i f y i n g 
a l c o h o l s of BPhe-HA and BPhe-Hß i s one of the d i s t i n c t i v e symmetry b r a k i n g 
elements i n RC, which i n d i c a t e s a s p e c i f i c f u n c t i o n of the a l c o h o l i n b i n -
d i n g . No such s p e c i f i c i t y was observed i n BChl exchanges at the B^ ß s i t e s 
( S t r u c k , 1990), and n e i t h e r i s there a comparable asymmetry. 
At the B „-sites, d i f f e r e n t i a l exchange k i n e t i c s were observed, w i t h B A, D B 
exchanging more r a p i d l y t h a t B^. A s i m i l a r d i f f e r e n c e was seen i n e a r l i e r 
BPhe exchange experiments. The present r e s u l t s w i t h p l a n t - t y p e pheophytins 
i n d i c a t e no obvious d i f f e r e n c e w i t h these pigments, but due t o band-over-
l a p i n the Q Y - r e g i o n t h i s r e s u l t needs f u r t h e r s t u d i e s , e.g. at low tempe-
r a t u r e . 
Comparing the pigments in e t h e r Solution and i n the RC environment, an 
environment-induced r e d - s h i f t (EIRS) of the Q x and Q Y-bands i n the p r o t e i n 
i s found f o r a l l pigments. This s h i f t shows o n l y r e l a t i v e l y s m a l l v a r i a -
t i o n s (Table 2). I t i s not c l e a r i f t h i s i s a r e s u l t of protein-chromo-
phore or p r o t e i n - p r o t e i n - i n t e r a c t i o n s (Scherz et a l . , 1990), o r both. A t 
l e a s t i n Phe a, there is a l s o a concomitant i n c r e a s e i n o p t i c a l a c t i v i t y . 
Both e f f e c t s are compatible w i t h a non-planar d i s t o r t i o n of the macro-
c y c l i c system. 
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